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ABSTRACT 
 
Scientific interest in atomically controlled layer-by-layer fabrication of transition metal oxide 
thin films and heterostructures has increased intensely in recent decades for basic physics 
reasons as well as for technological applications. This trend has to do, in part, with the 
coming post-Moore era, and functional oxide electronics could be regarded as a viable 
alternative for the current semiconductor electronics. Furthermore, the interface of transition 
metal oxides is exposing many new emergent phenomena and is increasingly becoming a 
playground for testing new ideas in condensed matter physics. To achieve high quality 
epitaxial thin films and heterostructures of transition metal oxides with atomically controlled 
interfaces, one critical requirement is the use of atomically flat single terminated oxide 
substrates since the atomic arrangements and the reaction chemistry of the topmost surface 
layer of substrates determine the growth and consequent properties of the overlying films. 
Achieving the atomically flat and chemically single terminated surface state of commercially 
available substrates, however, requires judicious efforts because the surface of as-received 
substrates is of chemically mixed nature and also often polar. In this review, we summarize 
the surface treatment procedures to accomplish atomically flat surfaces with single 
terminating layer for various metal oxide substrates. We particularly focus on the substrates 
with lattice constant ranging from 4.00 Å to 3.70 Å, as the lattice constant of most perovskite 
materials falls into this range. For materials outside the range, one can utilize the substrates to 
induce compressive or tensile strain on the films and explore new states not available in bulk. 
The substrates covered in this review, which have been chosen with commercial availability 
and, most importantly, experimental practicality as a criterion, are KTaO3, REScO3 (RE = 
Rare-earth elements), SrTiO3, La0.18Sr0.82Al0.59Ta0.41O3 (LSAT), NdGaO3, LaAlO3, 
SrLaAlO4, and YAlO3. Analyzing all the established procedures, we conclude that atomically 
flat surfaces with selective A- or B-site single termination would be obtained for most 
commercially available oxide substrates. We further note that this topmost surface layer 
selectivity would provide an additional degree of freedom in searching for unforeseen 
emergent phenomena and functional applications in epitaxial oxide thin films and 
heterostructures with atomically controlled interfaces. 
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1. Introduction 
Research in the field of transition metal oxides (TMOs) have shown tremendous progress 
for the last few decades in condensed matter physics and materials science communities not 
only because of its richness in fundamental science but also due to its tremendous application 
potential [1-3]. TMOs exhibit remarkably diverse functional properties such as 
ferroelectricity, magnetism, high temperature superconductivity (HTSC), colossal 
magnetoresistance (CMR), metal-insulator transitions (MIT), multiferroicity (coexistence of 
ferroelectricity and magnetism), anomalous Hall effect (AHE), topological insulator (TI), and 
quantum spin-liquid (QSL) [4-9]. These functional properties of TMOs can be exploited for 
practical applications such as spintronic (spin-based electronics) devices, resistance random 
access memory (ReRAM), solid oxide fuel cells (SOFCs), light-emitting diodes (LEDs), 
transparent conductors, and solar cells [4-14]. In post-Moore era, in particular, electronic 
devices with multifunctionality may offer a new alternative to replace the current silicon-
based technology because the additional value the devices would generate from 
multifunctionality may create an economically viable path superseding the miniaturization 
limit of silicon electronic devices [15-19]. In this perspective, oxide electronics based on 
multifunctional properties of TMOs looks indeed promising. Among various TMOs, the case 
of more familiar perovskites would make a point. Perovskites have traditionally received 
ample attention because they exhibit all of the functional properties mentioned above in a 
particularly simple structure [20-24].  
Perovskites are a class of materials of ABO3 type, in which each A-site cation is 
surrounded by twelve oxygen anions and each B-site cation of smaller size is surrounded by 
six oxygen anions that form a BO6 octahedron. Ideal perovskite ABO3 has a cubic structure 
with a lattice constant of ~4.00 Å [24-27]. Most of the electronic properties of perovskites are 
determined by the physics associated with the transition metal and the corner-sharing oxygen 
anions of the BO6 octahedra. Depending upon the radius and position of the B-site cation, the 
cubic structure becomes distorted due to the tilting and distortion of the BO6 octahedra. 
According to Goldschmidt’s rule [28], deformation occurs when the relative size of the A-site 
cation compared to the B-site cation becomes too small; the oxygen anions move towards the 
central A-site to shrink the empty volume around the A-site cation and consequent tilting of 
the BO6 octahedra follows. This overall shrinkage deforms the unit cell leading to the 
reduction of the cubic symmetry, and the structure changes to relatively low symmetry ones, 
e.g., orthorhombic, rhombohedral, tetragonal, hexagonal. The beauty of perovskite ABO3 
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structure is that almost half of the elements in the periodic table can be accommodated into 
the structure at either the A-site or the B-site. Also, even under ambient conditions (e.g., 
pressure and temperature) the B-site cations can assume different valences and coordination 
numbers and this fact gives rise to a virtually unlimited number of ABO3 perovskites [24-27]. 
Thus, the elemental and structural diversities occurring in perovskites provide enormous 
opportunities to explore a variety of multifunctional properties based on the structure-
property relationship. Of course, perovskites are a representative example and similar 
opportunities would also exist in other TMOs with diverse structures of rock-salt, corundum, 
rutile, spinel, garnet, etc. 
Even more exciting, however, is the fact that advanced thin film growth techniques with 
atomic controllability provide further opportunities to design and synthesize artificial 
complex TMO heterostructures and superlattices to bring forth emergent physical properties, 
normally not seen in bulk states [29-49]. For example, one of the breakthroughs in TMO thin 
film research came with the observation of high mobility two-dimensional electron gas 
(2DEG) at the interface between two non-conducting oxides and subsequent discovery of 
associated interface phenomena such as superconductivity, magnetism, magneto-electric 
coupling, and quantum Hall effect [50-60]. In this era of nanoscience and nanotechnology, 
various techniques to grow TMO thin films have been developed rapidly since 1980s [61]. 
Pulsed laser deposition (PLD), for instance, has been a technique frequently adopted for 
precise thin film growth of TMO materials, because it is most forgiving in situations 
involving multiple metal ions and oxygen gas. This technique as well as others such as 
molecular beam epitaxy (MBE) or magnetic sputtering technique can control the deposition 
process down to atomic scale and thus have been used to design and synthesize various 
artificial TMO heterostructures [62-66]. Generally speaking, thin film growth methods can 
provide several advantages over bulk ones in synthesizing materials; in particular, they are 
capable of producing metastable phases of various materials that would not exist in bulk 
form. In epitaxial TMO films, strain can play a role of an extra degree of freedom to expand 
the parameter space for tuning material properties. Most dramatically, thin film growth 
methods can be used to achieve atomically controlled heterostructures, multilayers, and 
superlattices of constituent oxides.  
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In order to fabricate functional TMOs in ultra-thin film or artificial structural form, 
chemically and structurally compatible underlying substrates are essential because the 
interface interaction between an overlying thin film and the underlying substrate surface 
critically controls the growth and consequent properties of TMO thin films 
[35,36,45,48,65,67]. In other words, substrates with atomically flat and chemically 
homogeneous surfaces, i.e., surfaces with the step-terrace structure of one-unit cell step 
height and also of single chemical termination, are indispensable for the growth of high 
quality epitaxial thin films with atomically controlled interface. It is noteworthy that metal 
oxide perovskites are also of importance as substrates because many single crystals available 
as substrates are of perovskite or perovskite-related structures. Commercially accessible 
crystals, for example, include KTaO3, REScO3 (RE = Dy, Gd, and Nd), SrTiO3, 
La0.18Sr0.82Al0.59Ta0.41O3 (LSAT), NdGaO3, LaAlO3, SrLaAlO4, and YAlO3. (Table I) [68]. 
The lattice constant of substrates as well as multifunctional perovskites of scientific interest 
varies widely from 4.00 Å to 3.70 Å as shown in Fig. 1. The diversity of the substrates as 
evident from the figure means that for a given material a lattice-matched substrate can be 
chosen to produce a film in its most natural state. It also means that either compressive or 
tensile strain can be induced in the film by choosing appropriate lattice-mismatched 
substrates to alter the functionalities. However, to fully take advantage of these widely 
varying substrates in growing thin films or heterostructures of complex functional oxides, one 
would like to establish the procedures for treating various as-received substrates to secure the 
substrate surface to be atomically flat with step-terrace structures of one-unit cell step height 
and chemically homogeneity. It is noted that the surface of as-received perovskite substrates 
is usually of chemically mixed nature with coexisting A-site cations and B-site cations. More 
often than not the surface of metal oxide crystals is polar, and thus thermodynamic as well as 
electrostatic aspects must be taken into consideration to account for the stability of substrate 
surfaces. In addition, the mixed chemical nature may be the simple consequence of a 
difficulty of cutting a single crystal along a particular crystallographic direction and 
subsequent mechanically polishing of the surface. These mechanical procedures often end up 
with the topmost surface layer neither atomically flat nor chemically homogeneous. 
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Table 1. List of commercially available single crystal metal oxide substrates with preferable 
orientations used for thin film growth. The lattice constant ranges between 4.00 Å and 3.70 
Å. Other substrates not listed here would also be available [68]. 
 
Substrate 
 
Orientation 
 
Structure 
Lattice 
constants 
(Å) 
Cubic 
(pseudo) lattice 
constant (Å) 
NdScO3 (110) Orthorhombic 
a = 5.57 
b = 5.77 
c = 7.99 
4.00 
KTaO3 (001) Cubic a = 3.988 3.988 
GdScO3 (110) Orthorhombic 
a = 5.48 
b = 5.76 
c = 7.92 
3.96 
 
DyScO3 
 
(110) 
 
Orthorhombic 
a = 5.54 
b = 5.71 
c = 7.89 
 
3.94 
SrTiO3 (001), (110), (111) Cubic a = 3.905 3.905 
La0.18Sr0.82 
Al0.59Ta0.41O3 
(LSAT) 
(001) Cubic a = 3.88 3.88 
 
NdGaO3 
 
(001), (110) 
 
Orthorhombic 
a = 5.43 
b = 5.50 
c = 7.71 
 
3.86 
LaAlO3 (001) Rhombohedral a = 3.78 3.78 
SrLaAlO4 (001), (100) Tetragonal 
a = 3.75 
c = 12.63 3.75 
 
YAlO3 
 
(110) 
 
Orthorhombic 
a = 5.18 
b = 5.33 
c = 7.37 
 
3.72 
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Fig. 1. (Color online) Comparative lattice constant (Å) of various perovskite thin films and 
commercially available substrates within the range 4.00 Å ∼ 3.70 Å. Cubic (or pseudo-cubic) 
lattice constants are taken from the literature [25-27]. 
 
Considering the progress and proliferation of thin film deposition of functional TMOs in 
recent years, it appears to be of value and timely to the thin film community to collect and 
summarize the surface treatment methods and characterization procedures for commercially 
available substrates. In fact, various methods are available in the literature depending on the 
chemical stability, imperfection of the crystal, defects, and miscut angle of the substrates. In 
this review, we will focus on how to turn the surfaces of various as-received substrates with 
chemically mixed termination to atomically flat single terminated surfaces with step-terrace 
structures of one-unit cell step height; in addition, we also consider the methods of 
identifying the surface termination of the treated substrates. The foremost goal of the present 
manuscript is to provide a practical guidance for choosing and preparing substrates for the 
deposition of complex TMO thin films or heterostructures and also to furnish information 
about topmost surface termination for oxide substrates with lattice constant in the range from 
4.00 Å to 3.70 Å. Fundamentally, substrate topmost layer termination not only plays a crucial 
role in obtaining exotic interfacial phenomena but also helps to interpret various emerging 
non-bulk-like phenomena observed in atomically controlled thin films or superlattices [69]. It 
is to be mentioned here that single terminated substrate surfaces are also of critical 
importance from surface science point of view; for example, the phenomena such as site-
specific adsorption and catalytic reactions would strongly depend on the topmost layer 
arrangement and its chemistry [70,71]. Even for theoretical calculations, substrate surface 
termination is considered an important parameter for explaining interfacial phenomena as 
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well as for designing new type of interfaces based on various combinations of constituent 
layers [72-75].  
 
2. Principle of surface treatments and surface characterizations 
    2.1. Chemistry of surface treatments 
Commercially available substrate crystals usually come with mechanically polished 
surfaces of low miscut angle, typically less than 0.1°. (High miscut substrates are also 
available separately.) Miscut angle, of course, is the angle between the normal to the substrate 
surface and to the crystallographic plane. Along the [001] direction, a perovskite ABO3 
crystal consists of alternate stacking of AO and BO2 layers, and the surface of as-received 
substrates is always composed of a mixed layer of AO and BO2. Similar features of mixed 
termination with different chemical compositions are found for substrates with other (hkl) 
orientations. Depending upon the oxidation state of metallic elements, the ideal topmost 
surface layer would be either polar or non-polar. Over the last few decade extensive efforts 
have been spent to study and understand the physics and chemistry of metal oxide surfaces, 
especially the polar ones [76-79]. Considering that electrostatics tends to require charge 
neutrality even on polar surfaces and thus associated surface reconstructions would follow, it 
is extremely challenging to remove a particular type of cations from a polar surface to obtain 
single termination that would come necessarily with compensating surface charges. Although 
the microscopic processes of reconstruction and compensation are complex for polar 
surfaces, the final compensated surface would be reached either by electronic reconstruction 
via partial filling of electronic surface states or by changes in the surface stoichiometry (or 
atomic reconstruction) via spontaneous desorption of atoms, faceting, ordering of surface 
vacancies, etc. or by combination of electronic and atomic reconstructions [77-79].  
As for the polar surfaces of metal oxides in general, it may be stated that the precise lowest 
energy state atomic arrangements, the exact electronic structures, and the stoichiometry of 
many surfaces still remain somewhat unresolved at the present time. Irrespective of intrinsic 
microscopic reconstructions of metal oxide surfaces, however, one needs to obtain atomically 
flat surfaces with single termination from substrate crystals for controlled epitaxial thin film 
growth. In this regard, various empirical efforts have been successful, at least for thin film 
growth purposes, in establishing the treatment procedures to achieve atomically flat and 
chemically homogeneous surfaces for many metal oxide substrates. The procedures would 
involve one or some combination of the followings: (1) only thermal annealing, (2) wet 
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acidic solution etching, (3) wet basic solution etching, (4) deionized-water leaching and 
thermal annealing, and (5) thermal annealing in cation-rich environments. Thermal annealing 
often leads to a segregation of metallic oxides and an enrichment of a particular cation at the 
surface; it may also produce atomically flat surfaces. Obviously, electrostatic energy plays an 
important role in the segregation process on the surface. To achieve a surface that has only 
one type of termination (either A- or B-type), chemical treatments often play an essential role 
because one particular chemical species on the surface can be selectively removed using a 
wet chemical etching process, either acidic or basic, judiciously chosen for a given substrate 
and a given orientation. The selectivity for the (001) orientation, for example, is due to the 
fact that AO and BO2 residing on the crystal surface generally differ in their chemical 
properties, particularly in the solubility of their hydroxyl groups in acids or water.  
 
 
Fig. 2. (Color Online) Schematic procedures for producing atomically flat and chemically 
single terminated surfaces of metal oxide substrates. Wet acidic surface treatment is adopted 
most often.  
  
The first successful preparation of an atomically flat surface with chemical homogeneity 
was carried out by M. Kawasaki et al. for the most popular substrate in TMO thin film 
growth, SrTiO3 (001) [80]. They pioneered an acidic etching method relying on the 
acidity/basicity difference of different metal oxides on the surface, and this method still 
remains one of the most adopted ones in preparing the smooth surface of many metal oxide 
substrates. The typical procedures of the wet acidic etching method to remove one type of 
metal oxide preferentially are summarized in Fig. 2: (1) Substrates are cleaned with acetone 
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and methanol in an ultrasonic bath for 10-20 min each to remove dust particles. (2) The 
substrates are soaked in deionized (DI) water for 5-10 min in an ultrasonic bath, and the DI-
water soaking transforms differentially either AO or BO2 on the surface to a hydroxide 
complex, depending on the relative chemical reactivity of the species. (3) The hydroxide 
complexes on the surface are removed, using buffered hydrofluoric acid (BHF) of NH4F: HF 
= 7:1 with pH = 4.5-5.5 for 30 sec to a few minute treatments. (BHF is also called buffered 
oxide etchant or BOE.) The chemically treated substrates are then annealed for 2 to 3 hours at 
a temperature around ∼1000 °C to obtain atomically flat surfaces with step-terrace structures 
of one unit-cell step height. This thermal treatment typically reconstructs the surface and 
produces an atomically flat layer with chemically homogeneous single termination. In some 
cases, optionally another DI-water rinsing may be applied to obtain fully single terminated 
atomically flat substrates. In applying the wet etching method, other etching solutions such as 
HCl+HNO3, HCl+NH4OH, or NaOH may also be utilized depending on the nature of 
chemical reactivity and electrostatic bonding of the metallic elements on the surface with 
surrounding oxygen atoms.  
Deionized water leaching was also adopted as an alternative method to produce atomically 
flat surfaces [81]; in this method, substrates are annealed first at a high temperature to induce 
a segregation of selective type of cations on the surface, and these cations are leached away 
via deionized water soaking. Another heat treatment method with a reverse idea was also 
devised for substrate treatments [82]; in this method, cations are supplied, instead of being 
etched away, from outside to compensate for the loss of cations from the substrate by high 
temperature annealing (cation rich treatment). By using the method, atomically flat surfaces 
with step-terrace structures of one-unit cell step height were successfully obtained for certain 
substrates. Details about the cation rich treatments are discussed in Section 3.3 along with 
other surface treatment methods. 
 
 
2.2. Surface characterizations 
  After treating substrates according to the surface treatment procedures, the surface must 
be characterized to ensure structural flatness and chemical homogeneity. For this purpose, 
two kinds of surface measurements are generally conducted: atomic scale structural 
topography to check the flatness and chemical analysis to confirm the topmost layer 
termination. Structural characterization of the surface is rather straightforward and atomic 
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force microscopy (AFM) is usually used. For instance, the surface of an as-received ABO3 
(001) substrate would be far from being flat and homogeneous (Fig. 3a), and this can be seen 
easily from the corresponding AFM image (Fig. 3b). After the prescribed treatment 
procedures, the substrate surface turns into a step-terrace structure (Fig. 3c) and the AFM 
image is able to show it clearly (Fig. 3d). For simple ABO3 (001) substrates, the properly 
treated surfaces would be ideally terminated by either AO or BO2 layer; however, in reality 
annealing at high temperatures always results in the loss of some oxygen’s from the surface. 
 
 
Fig. 3. (Color online) Atomic structure and typical AFM topography of: (a)-(b) an as-received 
surface and (c)-(d) an atomically flat surface. Schematic figures (a) and (c) are reproduced 
with permission from ref. [168]. Copyright © 2010 WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim. 
 
 Since the knowledge whether the surface is terminated by A- or B-sites is critical in the 
successful growth of atomically controlled thin films, chemical characterization 
measurements are essential to confirm the topmost layer termination of the atomically flat 
surface. Some of the techniques previously adopted to reveal the chemical nature as well as 
the surface reconstruction include: ion scattering [83,84], lateral force microscopy (LFM) 
[85], scanning tunneling microscope (STM) [86], reflection high energy electron diffraction 
(RHEED) [87], and various spectroscopic techniques such as low energy electron diffraction 
(LEED) [88], X-ray absorption spectroscopy (XAS) [89], and X-ray photoelectron 
spectroscopy (XPS) [90]. These techniques would provide the information about the richness 
of a particular type of cation on the surface. For instance, LFM would show a uniform 
13 
 
frictional response when a substrate is singly terminated while STM and other spectroscopic 
methods are able to provide the information about various surface reconstructions and their 
atomic structures. RHEED is also frequently used to check the surface quality as uniform 
atomically flat surfaces would show sharp and narrow diffraction spots as well as Kikuchi 
lines, characteristics of crystalline surfaces. Ion scattering measurements are very effective 
and indispensable to thin film growers for substrate characterization, as it is able to provide 
the direct elemental information and its coverage about the topmost layer of metal oxide 
substrates. Among various ion scattering methods, special mention should be given to the 
time-of-flight mass spectrometry of recoiled ions (TOF-MSRI) because it has recently been 
in wide use to characterize the topmost layer of substrates and, in fact, many TOF-MSRI 
results are cited in this review. In TOF-MSRI, potassium ions with a relatively low kinetic 
energy (~10 keV) are typically used; K+ ions are projected at sample surfaces at a low grazing 
angle for selectively probing first a few layers. The intensities of recoiled ions are strongly 
influenced by the ions that surround them on the surface as a result of shadowing and 
blocking effects, and thus vary with the incident azimuthal angle reflecting the crystalline 
symmetry of the surface. Thus, comprehensive angle resolved measurements would provide 
detailed information about the topmost layer of metal oxide substrates. The details on TOF-
MSRI can be found elsewhere [84].  
 
3. Treated surfaces of various metal oxide substrates 
 To synthesize epitaxial thin films and heterostructures of functional oxides with precise 
atomic control at the interface between constituent layers, the first step is to secure atomically 
flat and chemically single terminated substrates with step-terrace structures of one-unit cell 
step height as stated in the previous sections. Obtaining atomically flat single terminated 
surfaces, however, with one-unit cell step height from commercially available substrates is a 
challenging task and would constitute an initial obstacle to be overcome by the researchers 
working with TMO thin films. In this main part of the review, we collect the successful 
concrete cases for surface treatments of popular metal oxide substrates and discuss the actual 
procedures of the surface treatment methods in detail. 
 
3.1. As-received substrate surface 
    As described in the previous section, the basic structure of the ABO3 perovskites with 
(001) orientation consists of alternating stacking of AO and BO2 atomic layers which are 
14 
 
electrostatically polar in many cases. The surface of commercially available metal oxide 
substrates in as-received state is usually composed of a mixture of AO and BO2 layers, and 
does not exhibit the step-terrace structure of one-unit cell step height that is expected for 
single terminated atomically flat surfaces. For substrates with other (hkl) orientations, 
different combinations of metal oxide layers are exposed on the surface, but they also do not 
show step-terrace structures. Indeed, the AFM image of the surface of an as-received 
substrate shown in Fig. 3b confirm the lack of the step-terrace structure on the surface. The 
root-mean square surface roughness of as-received substrates are typically ≥ 1 nm. In the 
following sections, the details of the surface treatment of treated substrates are presented. 
 
3.2. Wet etching and/or thermal annealing treatments 
          Substrate surface treatment using a chemical solution (acidic or basic) as an etchant 
and/or high temperature thermal annealing is one of the common methods adopted in the thin 
film laboratories. In this section, we review the cases for which this method has been used to 
achieve atomically flat one-unit cell step terrace structure, starting with the standard example 
of SrTiO3 substrates. 
 
3.2.1. SrTiO3 (001), (110), and (111) surfaces 
SrTiO3 is a chemically and compositionally stable cubic perovskite with an indirect band 
gap of 3.25 eV and a direct gap of 3.75 eV [91]. It has a very large dielectric constant of ∼300 
and resistivity of over 109 Ω-cm at room temperature [68]. Also, high quality single crystals 
of SrTiO3 are commercially available with different crystalline orientations, i.e., (001), (110), 
and (111). Thus, SrTiO3 crystals have been used as substrates for growing almost all TMO 
thin films, including high Tc superconductors, CMR materials, various ferroelectric and 
magnetic materials, and more specially for creating 2DEG at the film-substrate interface and 
various unexpected emergent properties in heterostructures grown on them [50,92,93]. 
SrTiO3 surface is also of critical importance for observing 2DEG and electron liquid [94,95]. 
As a whole, SrTiO3 crystals are probably the most important substrates for TMOs and, 
naturally, obtaining atomically flat and chemically controlled surfaces for SrTiO3 substrates 
has been of prime importance to thin film growers. Thus, we allocate a sizable amount of 
space for the description of SrTiO3 substrates. We note here for reference purposes that 
Sánchez et al. recently reviewed on the surface treatment of SrTiO3 substrates [96]. 
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 3.2.1.1. SrTiO3 (001) surface  
 The recipe for the surface treatments of SrTiO3 (001) substrates was first developed by 
Kawasaki et al. [80,97] and was further refined later by Koster et al. [98,99]. SrTiO3 (001) 
consists of stacked alternating layers of charge-neutral SrO and TiO2 as depicted in Fig. 4a 
with a step height of 3.905 Å. The “Kawasaki” method relies on chemical treatments to 
distinguish SrO and TiO2 chemically and make the surface chemically homogeneous. The 
method adopts a buffered hydrofluoric acid (BHF) etching solution with pH = 4.5 for the 
(001) surface. Strontium oxide SrO reacts more strongly in the etching solution than does 
TiO2, and forms strontium hydroxide Sr(OH)2 which dissolves easily. After etching for 30 s, 
the substrates are annealed at 1000 °C in O2 gas flow for 2~3 h to get a step terrace structure; 
the annealing temperature is nominally kept around 1000°C to avoid Sr diffusion from the 
bulk to surface, which would occur at higher temperatures. The combination of wet etching 
and thermal annealing leads to atomic reorganization on the surface, and the surface becomes 
atomically flat and exhibits clear step-terrace structures with a sharp straight line at step 
edges with one-unit cell height as shown in Fig. 4b [80]. The (001) surface after the 
treatments is predominantly of TiO2 as Sr related oxides are etched way from the surface; 
indeed, low energy ion scattering spectroscopy (ISS) measurements confirmed the Ti-rich 
termination as shown in Fig. 4c [80].  
High resolution synchrotron-radiation photoemission spectroscopy also showed that TiO2 
termination is more stable than the SrO termination, and re-etching the substrate after the 
high temperature annealing in an O2 environment produces nearly perfect atomically flat 
surface [100]. Ohnishi et al. also reported that re-etching the substrate after annealing 
removes SrO coverage and produces the perfect TiO2 terminated surface, as proved by 
coaxial impact-collision iron scattering spectroscopy (CAICISS) [101]. Frangeto et al. 
showed by grazing incidence x-ray diffraction that the chemically treated surface is ideally 
composed of ∼75% TiO2 and ∼25% SrO [102]. By using the combination of AFM, LFM, 
XPS, and RHEED, Gunnarsson et al. confirmed the B-site termination for the atomically flat 
(001) SrTiO3 surface [103]. We also were able to reproduce the atomically flat surface and 
confirmed the Ti-rich topmost surface layer using TOF-MSRI [104]. Raisch et al. used x-ray 
photoelectron diffraction (XPD) experiments to show TiO2 surface termination (with 
negligible amount of SrO termination) [105]. 
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Fig. 4. (Color online) (a) Schematic side view of SrTiO3 (001) surface showing alternating 
neutral SrO and TiO2 layers with one-unit cell height of 3.905 Å. (b) Atomically flat surface 
with one-unit cell step-terrace structure was obtained by the wet acidic etching method.  AFM 
image is shown. (c) Low energy ion scattering spectroscopy (ISS) data show Ti-rich 
termination. Fig. (b) and (c) are reproduced with permission from ref. [80]. Copyright 1994, 
American Association for the Advancement of Science.  
 
      While the recipe using the BHF based wet etching method for SrTiO3 is well developed 
and in widespread use in the thin film community, it is pointed out that some oxygen atoms 
may be unintentionally replaced by fluorine atoms (as much as ∼13%) at the surface during 
the etching process [106]. In this regard, it is noteworthy that other chemical treatment 
methods have been attempted as well for SrTiO3 substrates; for example, Leca et al. annealed 
the perovskite substrates at 1000°C in O2 atmosphere after etching the surface using different 
etching solutions (HCl+HNO3 or HCl+NH4OH) [107]. Irrespective of the kind of etching 
solutions, they always obtained atomically flat smooth substrate surfaces having BOx surface 
termination. Zhang et al. also used a HCl-HNO3 (HCLNO) etching solution to produce 
atomically flat surfaces for SrTiO3 (001) substrates (“Arkansas” method) [108]. Using depth-
resolved cathodoluminescence spectroscopy (DRCLS), they proved that the extension of 
defect densities is higher for the BHF treated samples (hundreds of nm below the surface) 
compared to the HCLNO treated samples (less than 50 nm below the surface). Thus, the 
HCLNO treatment method seems to be more effective in producing an atomically flat surface 
with lower defect density. Although these etching and subsequent annealing methods have 
been successful to achieve atomically flat surfaces, it should be kept in mind that BHF or 
HCLNO etching solutions are highly acidic and thus toxic and hazardous from the safety 
point of view.  
17 
 
Alternative approaches without acidic solutions were also attempted to achieve atomically 
flat surfaces on SrTiO3 substrates. Connell et al., for example, followed a simple annealing 
and water leaching approach to produce an atomically flat surface. The treatment procedures 
include first thermal annealing (at 1000 °C for 1 h) of a substrate to induce SrO segregation 
and then dissolving Sr oxides into de-ionized water (DI-water leaching) [81]. Further 
annealing of the substrate at 1000 °C for 1 h in air produces an atomically flat surface. LFM 
measurements were used to confirm that the substrates are single terminated. Velasco-
Davalos et al. adopted microwave-induced hydrothermal etching in DI-water for 3 min and 
subsequent thermal annealing at 1300 K for 10 min to produce an atomically flat surface. 
They also used LFM to confirm single termination [109]. Hatch et al., on the other hand, 
attempted to compare the quality of the surfaces obtained by various wet etching methods, 
that is, BHF etching, HCl etching, and water leaching. Their XPS measurements revealed that 
the water leaching method is the most effective in removing SrOx crystallites and producing 
atomically flat surfaces with TiO2-rich termination [110,111]. We may also mention that 
even annealing alone at high temperatures can produce an atomically-flat surface, but only 
with predominantly SrO termination [112,113] because strontium oxides segregate onto the 
surface from the bulk due to high temperature annealing [114-116]. 
   At this point it is noteworthy that the structure of the SrTiO3 (001) surface is of scientific 
interest on its own, and there are several studies on the surface reconstruction using STM and 
other characterization methods. These surface science studies further reveal the topmost layer 
atomic arrangements and the possible termination of metal oxide substrates, and we cite 
briefly some of the reported cases. Matsumoto et al., for instance, obtained the (2 × 2) 
surface reconstruction indicating O vacancy ordering in the TiO2 topmost layer for the 
surface annealed in ultra-high vacuum (UHV) at 1200 °C [117]. Tanaka et al. observed the 
�√5 × √5�𝑅𝑅26.6°  surface reconstruction on SrTiO3 (001) surfaces [118]; Kubo et al. also 
observed a similar surface reconstruction with TiO2 termination [119]. Using LEED and high 
resolution STM, Jiang et al. showed the occurrence of the centered 6×2 [𝑐𝑐(6 × 2)]  and 
centered 4×2 [𝑐𝑐(4 × 2)]  reconstructions on SrTiO3 (001) surfaces [120], and Castell et al. 
also observed similar surface reconstructions for UHV annealed samples using high 
resolution STM and theoretical modelling [121]. Erdman et al. observed (2 × 1)  and [𝑐𝑐(4 × 2)]  reconstructions on SrO deficient Ti-rich SrTiO3 (001) surface [122,123]; Silly et 
al. also showed the formation of TiO2 enriched [𝑐𝑐(4 × 4)]  reconstruction [124]. Using 
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surface x-ray diffraction (SXRD), Herger et al. observed (2 × 1)  and (2 × 2)  surface 
reconstructions which can be best modelled with the TiO2-rich surface layer [125,126]; Lin et 
al. also observed (2 × 2) surface reconstructions on SrTiO3 (001) surfaces [127]. Recently, 
Dagdeviren et al. revealed the existence of �√13 × √13�𝑅𝑅33.7° , [𝑐𝑐(4 × 2)] , (4 × 4) , (2 × 2), and (2 × 1) reconstructions on SrTiO3 (001) surfaces by using LEED [128]. Their 
noncontact AFM and Auger electron spectroscopy (AES) measurements also showed Ti-
enrichment on the surface. Interestingly with regard to the diverse surface reconstructions 
occurring on SrTiO3 (001) surfaces, it was found that the relative stability of the different 
reconstructions can be altered by the addition of water on Ti-rich SrTiO3 (001) surface 
[129,130]. Also there are several theoretical calculations that show that the surface with Ti-
rich termination is the most energetically stable state [131-133], and the Ti-rich termination 
was directly confirmed by high resolution transmission electron microscopy (HRTEM) [134]. 
 
3.2.1.2. SrTiO3 (110) surface 
SrTiO3 (110) consists of alternate stacking of polar SrTiO4+ and O24− layers with a step 
height of 2.76 Å as shown in Fig. 5a. For this orientation, the layers are polar unlike the (001) 
one and the polar nature of the layers strongly influences the surface state; either electronic 
reconstruction or stoichiometric modification (or atomic reconstruction) would occur on the 
surface to remove the surface polarization and stabilize the atomically flat structure as 
described above [77-79]. In addition, the fact that Sr and Ti cations appear in the same layer 
suggests that the relevant surface chemistry would be a little different from that of the (001) 
case. Mukunoki et al. reported the observation of an atomically flat SrTiO3 (110) surface 
with one-unit cell step-terrace structure by annealing at a high temperature under varying 
oxygen partial pressures, and further showed that it is oxygen vacancies that stabilize the 
atomically flat surface [135]. Recently we demonstrated that atomically flat surfaces can be 
obtained for SrTiO3 (110) via conventional BHF etching procedures as shown in Fig. 5b and 
5c [104]. We also showed, using TOF-MSRI measurements, that the topmost surface layer is 
indeed Sr-deficient and Ti-rich as presented in Fig. 5d. Theoretical calculations provided 
evidences that the compensation for the polar surface can be achieved through anomalous 
filling of surface states and keeping the insulating character of the surface with a stable Ti-
rich layer [136-138]. Bachelet et al. observed that annealing substrates above 1000 °C 
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produces atomically flat surfaces with a step height of two unit cells, called step bunching, 
for substrates with high miscut angle [139]. 
 
 
FIG. 5: (Color online) (a) Schematic side view of SrTiO3 (110) showing alternating polar 
SrTiO4+ and O24- layers with unit cell height of 2.76 Å. (b) Atomically flat surface showing 
one-unit cell step height obtained by the BHF method. (Inset indicates conditions of chemical 
etching and thermal annealing.) (c) Line profile along the line indicated in (b). The distance 
between the horizontal guide lines is the layer spacing expected for (110) orientation. (d) 
Time-of-flight mass spectroscopy shows that the surface is terminated by Sr-deficient and Ti-
rich layer [104]. 
  
For SrTiO3 (110), the exact chemical stability and surface reconstruction would be a more 
complex phenomenon, compared to the (001) case, due to the simultaneous presence of Sr 
and Ti cations on the topmost layer. Indeed, Bando et al. observed (5 × 2) and 𝑐𝑐(2 × 6) 
reconstructions on the surface [140], while Wang et al. were able to obtain (5 × 1), (4 × 1), (2 × 8), and (6 × 8) surface reconstructions by tuning the Ti or Sr concentration [141]. On 
the other hand, Brunen et al. observed (2 × 5) , (3 × 4) , (4 × 4) , (4 × 7) , and (6 × 4) 
reconstructions by combining STM, LEED, and AES measurements [142]. By using similar 
techniques, Russell et al. showed the occurrence of 𝑛𝑛 × 1  (3 ≤ 𝑛𝑛 ≤ 6)  surface 
reconstructions, where the surface is Ti-rich for n = 3 and 4 and Sr-rich for n = 6 [143]. 
Enterkin et al. also observed a variety of reconstructions (𝑛𝑛 × 1, 𝑛𝑛 ≥ 2) on the atomically 
flat SrTiO3 (110) surface, using LEED and STM measurements, where the topmost surface 
layer is Ti-rich [144]. 
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3.2.1.3. SrTiO3 (111) surface 
SrTiO3 (111) consists of alternate stacking of charged SrO34− and Ti4+ layers with a unit 
cell step size 2.25 Å as shown in a schematic of Fig. 6a. The polar nature of the (111) 
orientation again offers difficulties in obtaining the atomically flat surface; however, Sr and 
Ti cations appear in separate layers and the surface chemistry would be similar to that of the 
(001) case. There are several studies available in the literature on producing the atomically 
flat surface for SrTiO3 (111) by annealing only. Tanaka et al., for example, reported that 
simple annealing at a high temperature produces a flat surface and subsequent analyses by 
STM measurements showed that annealing at 1180 °C forms a SrO3-x4- topmost layer, 
whereas annealing at 1220 °C leads to a Ti topmost layer [145]. On the other hand, Sekiguchi 
et al. used CAICISS measurements on air annealed samples to suggest that the Ti4+ layer is 
more stable than the SrO34- layer on the SrTiO3 (111) surface [146].   
Turning to wet etching treatments of SrTiO3 (111), Chang et al. successfully prepared an 
atomically flat surface with one-unit cell step-terrace structure using the conventional BHF 
etching method [147]. The single termination was confirmed by LFM analyses, and the AFM 
results are presented in Fig. 6b and 6c. We also used the wet etching method to obtain 
atomically flat surfaces on SrTiO3 (111) and confirmed the chemical nature of the surface 
termination using TOF-MSRI measurements. Our results shown in Fig. 6d reveals that the 
termination layer is Ti-rich [104]. In this case, however, the polar nature of the surface must 
be compensated for the Ti-rich layer to be stable. It is noted that Blok et al. also obtained the 
atomically flat surface in a similar way [148]; more importantly, however, they have shown 
that by growing a conductive buffer layer (SrRuO3) one can maintain the bulk-like 
termination at the surface and grow other metal oxides coherently. Saghayezhian et al. 
demonstrated that there exists a critical annealing condition under which the Ti to Sr ratio at 
the surface becomes maximum [149]. Alternatively, a HCl-HNO3 solution may be used as an 
etchant to produce the atomically flat surface, but with mixed termination [150]. 
 
21 
 
 
Fig. 6. (Color online) (a) Schematic side view of SrTiO3 (111) surface showing that the unit 
cell consists of alternating polar layers of SrO34- and Ti4+. (b) Surface morphology of a 
treated (111) surface obtained by atomic force microscopy. (c) Line profile showing unit cell 
step heights. (d) Atomically flat surface shows Ti-rich termination. Fig. (b) and (c) are 
adapted with permission from ref. [147]. Copyright 2008 AIP Publishing LLC. 
 
      For the (111) orientation, we naturally expect some kind of surface reconstructions to 
occur in order to compensate for the surface polarity. Indeed, Russell et al. observed via 
STM, LEED, and AES analysis that various surface reconstructions, i.e., �√7 × √7�𝑅𝑅19.1° 
and �√13 × √13�𝑅𝑅13.9°, occur for samples annealed in UHV. They also showed that top 
few layers are enriched in Ti and Sr, but deficient in O, to compensate for the surface polarity 
[151]. They further showed that varying the oxygen partial pressure during annealing would 
bring about different (𝑛𝑛 × 𝑛𝑛) reconstructions with Ti-richness for the SrTiO3 (111) surface 
[152]. Marks et al. also observed (𝑛𝑛 × 𝑛𝑛)(2 ≤ 𝑛𝑛 ≤ 4) reconstructions on the Ti-rich (111) 
surface, using a combination of transmission electron diffraction, density functional theory 
modelling, and STM [153,154]. It is noteworthy that a theoretical modelling study already 
predicted that the stable low energy surface would be a Ti-rich layer for polar SrTiO3 (111) 
[136]. Based on all the surface treatment methods and surface characterization studies, it 
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would be safe to say that atomically flat SrTiO3 surfaces generally show predominantly Ti-
rich termination regardless of the orientations. 
 
3.2.1.4. Role of the miscut angle 
 In addition to optimizing the treatment conditions for a substrate [155], the task of 
obtaining an atomically flat surface of a substrate requires consideration of another factor, the 
miscut angle of the substrate [156]. In the surface treatments of SrTiO3 substrates, step 
bunching is frequently observed for high miscut ones. Here we wish to add a brief discussion 
on the miscut angle and step bunching despite the fact that it is general and not confined to 
the case of SrTiO3. The miscut angle (θ) of a substrate surface is defined as the angle 
between the surface and the crystal plane, which is equivalent to the angle between the 
surface normal (Sn) to the crystal plane normal (Cn) as drawn in Fig. 7. The miscut angle of 
the surface state, affected strongly the final surface characteristics after it was processed 
according to the etching and annealing method. For an ideally single-terminated surface, the 
miscut angle ‘θ’ and the average distance ‘s’ between two adjacent steps are related as θ ∼ 
l/s, where ‘l’ is the step height. The miscut angle of substrates strongly influences step 
heights and terrace widths; this is an intuitive result because as the miscut angle increases, the 
average terrace width must decrease if the step height is to be one-unit cell. Therefore, 
optimization of terrace width and step height should be conducted concurrently. Miscut angle 
of substrates would also affect the surface roughness and thin film growth morphology [157-
159]. 
 
 
Fig. 7. (Color online) Schematic representation of a substrate. Miscut angle (θ) of a substrate, 
defined as the angle between surface normal (Sn) and the crystal plane normal (Cn), 
determines step height and terrace width. It is seen that the step height would increase with an 
increase in miscut angle. 
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 For substrates with high miscut angle, surface treatment procedures often bring about step 
bunching, which in turn results in steps with height larger than one-unit cell. The occurrence 
of step bunching for high miscut angle substrates may be understood simply in terms of 
minimization of surface free energy. According to theoretical considerations [160-163], the 
surface free energy per unit area or surface tension γ (θ, T) can be written as a function of θ 
and temperature T:                           𝛾𝛾(𝜃𝜃, 𝑇𝑇) =  𝛾𝛾0(𝑇𝑇) +  𝛽𝛽(𝑇𝑇) �tan 𝜃𝜃
ℎ
�  +  𝑔𝑔(𝑇𝑇) �tan 𝜃𝜃
ℎ
�
3                                          (1) 
in powers of the step density tan θ/h on the reference plane, where h is the step height, and 
𝛾𝛾0(𝑇𝑇) is the free energy density of the reference plane that represents the surface tension of 
the terraces between the steps. The second term represents the contributions from the steps, 
where 𝛽𝛽(𝑇𝑇) is the free energy per unit length for an isolated step. The third-order term arises 
from step-step interaction on the surface; this interaction consists of contributions from 
entropy repulsion as well as elastic and electrostatic interactions. These interaction 
contributions give rise to the third power of the step density; 𝑔𝑔(𝑇𝑇) is inversely proportional to 
the square of the distance between the steps. As θ increases, the interaction term becomes 
increasingly important in determining the surface structure. To minimize the surface energy 
of substrates with high θ, the adjacent steps bunch by self-organization within the plane to 
increase the number of unit cells per step. This bunching effect becomes predominant as θ 
increases; as a result, the step height increases. Thus, it is always preferable to use low miscut 
angle (θ < 0.1°) substrates to obtain uniform step-terrace structures of one-unit cell step 
height.  
 
3.2.2. REScO3 (RE = Dy, Gd, and Nd) (110) surfaces 
Rare earth (RE) scandates, REScO3 with RE = Dy, Gd, and Nd, have an orthorhombic 
distorted structure that consists of alternately stacked polar REO+ and ScO2- layers. The three 
RE scandates fall into a unique category of substrates because of their relatively large lattice 
constants; the pseudo-cubic lattice constant for the RE scandates ranges from 4.00 Å to 3.94 
Å [164]. Due to the relatively large lattice constant, strain provided by RE scandate substrates 
allows emergent phenomena in thin films, which do not occur in bulk samples, of certain 
TMOs; for instance, ferroelectricity is seen in strained thin films of quantum paraelectric 
SrTiO3 and ferroelectric ferromagnetism appears in strained EuTiO3 thin films [165,166]. 
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Dirsyte et al. showed that atomically flat surfaces could be obtained for DyScO3 (110) by 
only annealing at 1320 K in O2 or Ar atmosphere. By using AES, they confirmed that the 
surface of DyScO3 becomes DyO terminated after annealing in oxygen flow for 30–60 min, 
whereas annealing for a much longer time (~600 min) in an inert or oxygen atmosphere 
results in ScOx termination [167]. The reasoning for these peculiar behaviors offered by the 
authors is as follows: DyO termination in the oxygen annealing case would be due to the 
successive diffusion events, i.e., diffusion of oxygen from the ambient gas into the bulk, 
oxidation of dysprosium from Dy3+ to Dy4+, evaporation of Dy from the surface, subsequent 
diffusion of Dy from the bulk towards the near-surface layers, and consequent surplus of Dy 
on the surface and DyO termination. On the other hand, annealing for a long time in inert 
atmosphere leads eventually to the depletion of Dy from the surface and consequent ScOx 
termination because of the intrinsic bond strength difference, that is, the electrostatic bonding 
of Dy-O is weaker than the Sc-O bonding.  
 
 
Fig. 8. (Color online) (a) AFM image of atomically flat scandate substrate (DyScO3) 
obtained by annealing and subsequent basic solution wet etching treatments. Inset of (a) 
shows the annealing and wet etching treatment conditions. (b) Line profile along the black 
line in (a); step height is that of one-unit cell (~ 4 Å). Adapted with permission from ref. 
[168]. Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
 
Recently, Kleibeuker et al. showed that atomically flat surfaces could also be achieved on 
the three RE scandates by adopting a basic solution of NaOH, as opposed to using an acid 
etching solution, as a wet etchant [168,169]. As-received substrates are annealed at 1000 °C 
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to induce segregation of one of the elements (e.g., Dy in the case of DyScO3 because its bond 
strength is weaker than that of Sc) onto the surface. Then the surface layer of the annealed 
substrates is etched out by immersion in 12 M NaOH-DI water solutions. The one-unit cell 
step height of ~4 Å of such treated surface was confirmed by AFM measurements as shown 
in Fig. 8. The TOF-MSRI analyses revealed that the surfaces were fully ScO2 terminated for 
all three scandates as shown in Fig. 9 [168]. It is noted that, due to the polar nature of the 
surface of the scandates, there might occur polar reconstructions, oxygen vacancies, or 
adsorbents on the surface to achieve a stable topmost layer. This stable B-site termination was 
further confirmed by the same group with the observation of (1 × 1)  reconstruction, by 
combining RHEED and SXRD [169]. The most important fact is that this wet basic etching 
method is able to produce smooth atomically flat one-unit cell step-terrace surface with 
predominant B-site termination, ScO2. 
 
 
Fig. 9. (Color online) Intensity ratio of Sc versus rare earth (RE) element measured by TOF-
MSRI spectrometry for DyScO3, GdScO3, and NdScO3 substrates. Depending on the atomic 
structure, the wet-etched substrates show clear ratio maxima at 45° and 135° arising from 
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ScO2 termination. Adapted with permission from ref. [168]. Copyright © 2010 WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim. 
3.2.3. NdGaO3 (001) surface 
Neodymium gallate, NdGaO3, forms a distorted orthorhombic structure with space group 
Pbnm at room temperature as shown in Fig. 10a; the orthorhombic lattice parameters are a = 
5.42817 Å, b = 5.49768 Å, and c = 7.70817 Å [170,171]. In general, an orthorhombic 
structure may be viewed conveniently as a cubic one: orthorhombic (o) [001] and [110] 
directions correspond to the pseudo-cubic (pc) [001] and [010] directions, respectively, as 
indicated in Fig. 10a. For NdGaO3, the pseudo-cubic lattice constant is apc ∼ 3.86 Å. The 
pseudo-cubic structure consists of alternate stacking of polar layers, GaO2- and NdO+ as 
shown in Fig. 10b. The distance between two successive NdO+ or GaO2- layers is again apc ∼ 
3.86 Å, corresponding to the one-unit cell step height. 
 
 
Fig. 10. (Color online) (a)-(b) Schematic representation of the orthorhombic perovskite unit 
cell of NdGaO3. The pseudocubic unit cell (broken magenta lines) has apc ∼ 3.86 Å with 
alternating layers of polar GaO2- and NdO+. 
 
     Atomically flat A-site termination on NdGaO3 (001) substrates was achieved by Ohnishi et 
al. via pure annealing treatment [172]. The AFM image of the treated NdGaO3 (001) surface 
is shown in Fig. 11; the chemical status of the surface was confirmed to be Nd-rich (A-site) 
by CAISISS measurements. Gunnarsson et al. also obtained atomically flat surfaces by 
annealing only and showed Nd-rich termination using XPS measurements [173]. Radovic et 
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al. demonstrated that a constant flow of pure oxygen at 1200 ° C for 20 h also produces 
atomically flat surfaces with single termination for NdGaO3 (001) substrates, again confirmed 
by XPS [174]; Talik et al. also showed the A-site termination using a similar method [175]. 
AES measurements were also used to confirm the NdO termination for annealed surfaces, 
where Ga and O are depleted from [176]. Cavallaro et al. annealed the substrate at a high 
temperature of 1000 °C under different gas fluxes and showed that, irrespective of various 
gas types, NdGaO3 surfaces always end up with the A-site rich termination as verified by 
Low Energy Ion Scattering (LEIS) [177]. Thermal annealing seems to allow the evaporation 
of gallium ions from the surface by forming volatile species Ga2O. In order to alter the 
surface termination, solutions of BHF or HCl+NH4Cl were tested as an etchant and the result 
was analyzed by RHEED; indeed, B-site termination was successfully achieved by the 
etching method on NdGaO3 surfaces [107,178]. From these various studies on NdGaO3 (001) 
substrates, it is now established that high temperature annealing is sufficient to produce A-site 
terminated atomically flat smooth NdGaO3 surfaces. 
 
Fig. 11. (Color online) (a) (top) AFM surface image of NdGaO3 substrate after annealing 
treatment. Thermal treatment was applied at 1000 °C in air for 2 h. (bottom) Step-terrace 
structures are seen with the distance between two horizontal lines ∼4 Å. (b) Time of flight 
spectra show Nd-rich termination. Reproduced with permission from ref. [172]. Copyright 
1999 AIP Publishing LLC.  
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3.2.4. LaAlO3 (001) surface 
  LaAlO3 has a rhombohedral structure (a = b = c = 3.78 Å, α = 90.066°) with space group 
R3mR (No. 160) at room temperature [68]. It is a band insulator with a large band gap (~5.6 
eV) and a reasonably high dielectric constant (~25). Single crystals of LaAlO3 are readily 
available as substrates. The rhombohedral (or pseudo-cubic) crystal structure of LaAlO3 
consists of alternating polar layers of LaO+ and AlO2-, and an ideal termination would consist 
purely of either LaO+ or AlO2-. The distance between the adjacent LaO+ and AlO2- layers is 
~3.78 Å, one-unit cell step height, as shown in Fig. 12a. It may be noted that LaAlO3 became 
immensely popular as substrates for growing epitaxial BiFeO3 thin films, which exhibit 
exotic multifunctional properties [39]. 
 
 
Fig. 12. (Color online) (a) Schematic side view of LaAlO3 (001) unit cell showing the 
alternating stacking of LaO+ and AlO2- layers. (b) AFM image of a treated LaAlO3 (001) 
surface. (c) Line scan result of one-unit cell step height ~4.0 Å and terrace width ~400 nm. 
Figure (b) and (c) were reproduced with permission from ref. [173]. Copyright 
© 2016 Elsevier B.V.  
  
      The most appropriate method to treat a LaAlO3 substrate is found to be as follows: (1) 
Clean a substrate with acetone and methanol, and then soak in ultrasonically-stimulated 
water. (2) Wet etch for 30 s with dilute HCl (pH ~ 4.5). This pH of HCl is chosen to 
selectively etch out the lanthanum-related oxides to produce a surface that consists of single 
terminated AlO2. (3) Anneal at 1000 °C for 2.5 h. The annealing produces an atomically flat 
surface with step-terrace width ~350 nm and one-unit cell step height ~3.78 Å as shown in 
Fig. 12b-c [172,173,179]. To identify the topmost atomic layer of treated LaAlO3 (001) 
substrates, TOF-MSRI measurements were performed; the result shown in Fig. 13 indicates 
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that the topmost layer is of Al-rich termination, predominantly of AlO2 [172]. Gunnarsson et 
al. also confirmed, by LFM and XPS analyses, that HCl treated LaAlO3 (001) surfaces show 
predominantly AlOx termination [173]. For a LaAlO3 single crystal annealed at 1200 °C in 
flowing oxygen, X-ray truncation rod analysis showed B-site termination of the surface with 
minor structural rearrangement such as relaxation of O and La atoms relative to the ideally 
terminated surface [180]. Kim et al. also reported that annealing a LaAlO3 substrate at high 
temperatures (1000-1100 °C) for 10 hrs under the oxygen flow produces AlO2 terminated 
surfaces, possibly due to the segregation of AlO2 at the surface [181]. 
 
 
FIG. 13: (Color online) (a) TOF-MSRI counts of Al and La ions and intensity ratio profile of 
as-received and treated LaAlO3 substrate vs. azimuthal angle. Al/La intensity ratio is highest 
at -45° and -135°; Al rich termination is predominant at the surface. 
 
     It should be pointed out that there are some mixed reports on the surface termination of 
LaAlO3 in literature. In fact, the surface termination itself may depend on temperature; it was 
reported in literature that the topmost layer of LaAlO3 varies from Al-O termination between 
room temperature to 150 °C to La-O termination above 250 °C while mixed termination is 
observed in the intermediate region of 150 ~ 250 °C [182-184]. Lanier et al. observed 
�√5 × √5� R26.6° surface reconstruction on the LaAlO3 (001) surface, forming LaO 
termination with one lanthanum vacancy per surface unit cell to compensate for the charged 
nature of the surface [185]. Another study on LaAlO3 (001) substrates annealed at 1100 °C, 
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using low-energy electron microcopy, revealed a mixed termination layer on the surface, 
where LaO terminated regions are well reconstructed �√5 × √5�R26 and AlO2 terminated 
regions are unreconstructed [186]. Theoretical calculations suggest that depending on the 
surface reconstruction, LaAlO3 surfaces can show either LaO or AlO2 termination [187]. In 
short, there are still some controversies about the chemical termination and the surface 
reconstructions of LaAlO3; nevertheless, it seems to be established that by adopting HCl 
based wet chemical etching, atomically flat surfaces can be obtained for LaAlO3 (001) 
substrates with predominantly AlO2 termination. 
 
3.2.5. YAlO3 (110) surface 
Yttrium orthoaluminate YAlO3 is a distorted perovskite composed of orthorhombic unit 
cells with space group Pnma at room temperature. YAlO3 is a wide band gap (∼7.9 eV) 
insulator with orthorhombic lattice parameters a = 5.330 Å, b = 5.180 Å, and c = 7.375 Å. 
From these lattice parameters, the pseudo-cubic lattice constant apc is obtained to be ~ 3.72 Å 
[188,189]. Liu et al. achieved atomically flat single terminated surfaces of YAlO3 (110) by 
mere annealing at 1000 °C for 2 h. This simple treatment produced atomically flat step-
terrace structures as shown in Fig. 14 [190]. Caution must be exercised, however, because it 
was reported that annealing a YAlO3 crystal at temperatures above 1160 °C would generate a 
second phase Y3Al5O12, and annealing at an even higher temperature 1300 °C would cause 
segregation to Al2O3 and YAlO3 [191]. The nature of the topmost terminating layer has not 
been identified yet, and further characterization is required. 
 
Fig. 14. (Color online) (a) AFM image of the surface of a treated YAlO3 (110) substrate. 
Straight step-terrace structures are seen. Treatment procedure was mere annealing at 1000 °C 
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for 2 h. (b) Line profile of the red rectangle of figure (a): the step height corresponds to one-
unit cell ∼3.72 Å. Treatment procedure was taken from the ref. [190]. 
3.2.6. KTaO3 (001) surface 
       KTaO3 is a prototypical A1+B5+O3 cubic perovskite substrate with lattice constant 
∼3.9885 Å. Its dielectric constant is extremely high with ∼4500. KTaO3 substrates are useful 
for growing high quality oxide thin films [192,193] and, more importantly, for generating two 
dimensional electron gas with high mobility at room temperature [194-196]. Recently it was 
shown that superconductivity could be induced in KTaO3 by electrostatic carrier doping 
[197]. Atomically flat surface can be obtained for KaTaO3 (001), by wet etching with a 
commercially available BHF followed by annealing treatments in air [198]. Etching the 
surface for 15 min produces a step-terrace structure with step height of one-unit cell (∼4 Å) 
and terrace width of 500-800 nm. It is presumed that hydroxides are removed by the acidic 
etchant, producing the single terminated atomically flat surface. Judging from the formability 
and solubility of KOH in a BHF solution, one can conjecture that the surface is 
predominantly terminated by TaO2. However, there is no direct experimental evidence 
available yet for the chemical nature of the surface. It is noteworthy that Nakamura and 
Kimura noticed an interesting effect during the surface treatment of KTaO3; that is, the field 
effect characteristics of KTaO3, which is useful for field effect device applications and can be 
controlled by varying the HF concentration [199].  
 
3.3. Cation-rich thermal annealing treatments 
      For more complex metal oxide substrates with multiple cations such as 
La0.18Sr0.82Al0.59Ta0.41O3 (LSAT) and SrLaAlO4, thermal annealing under cation-rich 
environments, rather than straight thermal annealing, is found to be a unique way for 
obtaining atomically flat single terminated surfaces. In this section, we review the procedures 
for preparing the atomically flat surfaces for these substrates. 
 
3.3.1. La0.18Sr0.82Al0.59Ta0.41O3 (001) surface 
 La0.18Sr0.82Al0.59Ta0.41O3 (LSAT) has a cubic structure with lattice constant of ~3.88 Å. 
LSAT substrate has become very popular for growing high TC superconducting films due to 
its well-matched lattice constant [200]. Chemically, however, it is a mixed perovskite which 
contains two kinds of cations each in A-sites as well as in B-sites [201]. This chemical 
complexity then is expected to make the system difficult to etch out and induce the system 
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either A-site or B-site termination by conventional wet etching and/or thermal annealing 
treatments. Ohnishi et al. annealed the surface at 1300 °C in air and showed the dominant B-
site termination [172]. Leca et al. adopted wet etching with a HCl+HNO3 etching solution 
and annealed the substrate at 1000 °C for 3h in O2 environment to produce an atomically flat 
surface [107].  
 
 
Fig. 15. (Color online) (a) Schematics of annealing environments to obtain atomically flat 
LSAT surface. LaAlO3 (LAO) single crystal cover was used to provide additional La ions 
which were lost during annealing. (b)-(d) AFM images and line profile of atomically flat 
surface with one-unit cell step height ~4 Å. Reproduced with permission from ref. [82]. 
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.  
 
Recently, a rather different approach, taking the chemical complexity of LSAT into 
account, has been attempted to produce atomically flat surfaces. An atomically flat surface 
for a LSAT substrate was achieved by annealing it under La vapor pressure; La vapor was 
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provided by placing a LaAlO3 (001) substrate close to the LSAT substrate during high 
temperature annealing at 1300 °C. The experimental setup and the annealing results are 
shown in Fig. 15 [82]. High temperature annealing of a LSAT substrate induces the formation 
of many SrO particles on the substrate surface. This result indicates that La ions would 
evaporate from the surface while Sr ions would not, considering the fact that the A-sites 
contain both La and Sr ions. One way to compensate for the loss of La ions is to provide extra 
La ions to the surface, and this can be done by exposing the substrate to La vapor released 
from an annealed LaAlO3 crystal as illustrated in Fig. 15a. AFM images prove the one-unit 
cell step-terrace structure as shown in Fig. 15b-d, and ion scattering spectroscopy 
measurements also confirm that the top surface is predominantly A-site terminated. By 
contrast, LSAT substrates treated at temperatures less than 1200 °C possess poorly defined 
steps. It is noted that atomically flat surface was also obtained by only thermal annealing 
LSAT at a high temperature, but the chemical termination was reported to be of mixed nature 
[202-204]. 
 
3.3.2. SrLaAlO4 (001) surface 
SrLaAlO4 (SLAO) belongs to a somewhat different class than the metal oxide substrates 
discussed so far. These substrates all have the perovskite ABO3 structure with an alternating 
stacking sequence of AO and BO2 in the [001] direction; however, SLAO possesses the 
layered structure of K2NiF4 with repeating layers of --AlO2-(Sr,La)O-(Sr,La)O-AlO2-
(Sr,La)O-(Sr,La)O-- along the [001] direction as drawn schematically in Fig. 16. (Sr,La)O 
planes may be regarded as the A-site layer and the AlO2 planes as the B-site layer; the c-axis 
lattice constant of this tetragonal structure is 12.6362 Å and in-plane lattice constants a = b = 
3.7569 Å [205]. SLAO substrates have been frequently used in growing layered TMOs and, 
in particular, so-called 214 high Tc superconductors [206,207]. Thus, the availability of 
atomically flat SLAO substrates would provide researchers new opportunities to grow high 
quality thin films of various functional oxides, especially layered materials.  
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Fig. 16. (Color online) (a) Tetragonal K2NiF4 type crystal structure of SrLaAlO4 with a = b = 
3.75 Å and c = 12.6 Å. Along [001], the stacking sequence is -AlO2-(Sr,La)O-(Sr,La)O-AlO2-
(Sr,La)O-(Sr,La)O- (the pink dotted rectangle denotes the unit cell). Crystal structure was 
drawn using VESTA software. 
 
  Preparing atomically flat surfaces of SLAO is not straightforward because of its unusual 
layered structure and also because both Sr and La cations are present in A sites; these 
characteristics would hinder the use of naive etching and annealing methods. Furthermore, 
the surface of SLAO is unstable against La loss at high temperatures, and annealing would 
cause the formation of SrO particles at the surface [208]. To avoid SrO formation, SLAO 
substrates should be annealed in cation rich environments such as the ones schematically 
depicted in Fig. 17. Indeed, atomically flat surfaces were successfully obtained with both 
setups; however, it should be noted that the chemical nature of the top surface varies 
depending on the annealing environment. Annealing a substrate in La2O3-rich environments 
yields a (Sr,La)O-terminated (A-site) surface whereas annealing in LaAlO3 yields an AlO2-
terminated (B-site) surface. TOF-MSRI measurements confirmed that the layer sequence for 
La2O3 and LaAlO3 treated SLAO substrates are (Sr,La)O-(Sr,La)O-AlO2 and AlO2-(Sr,La)O-
(Sr,La)O from the top surface, respectively, as shown in Fig. 18 [209]. The selective A-site or 
B-site termination obtained by this approach provides a useful pathway to obtain atomically 
flat surface without growing additional monolayers to alter the surface termination. 
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Fig. 17. (Color online) (a) Annealing setup for SrLaAlO4 substrates surrounded by La2O3 
powder. (b) AFM image of the surface after annealing at 1000 °C for 2 h. (c) Line profile 
along the dark line in (b). (d) Annealing setup for SrLaAlO4 substrates with LaAlO3 single 
crystal. (e) AFM image of the surface after annealing at 1000 °C for 2 h. (f) Line profile 
along the dark line indicated in (e). Step height corresponds to half unit cell spacing of 6.3 Å. 
Reprinted with permission from ref. [209]. Copyright 2013 AIP Publishing LLC. 
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Fig. 18. (Color online) TOF-MSRI intensity ratios between (a) Al and Sr, (b) Al and La, and 
(c) Sr and La show the cationic arrangements of the top layers, and also reveal La-poor layers 
for annealed substrates. Reproduced with permission from ref. [209]. Copyright 2013 AIP 
Publishing LLC. 
 
4. Conclusion and future prospects 
      Atomically flat single terminated substrates are a prerequisite for high quality atomically 
controlled layer-by-layer growth of epitaxial thin films and heterostructures. In the present 
review, we have covered the procedures for obtaining atomically flat and chemically 
homogenous surfaces of perovskite substrates with lattice constants ranging from 4.00 Å to 
3.70 Å; various surface treatment methods typically adopt some combination of high 
temperature annealing and chemical etching. The treatment methods reviewed here include 
only thermal annealing at high temperatures, a combination of selective wet etching of 
complex oxides by acidic solutions and subsequent high-temperature thermal annealing, a 
combination of high-temperature thermal annealing and subsequent selective wet etching of 
complex oxides using basic solutions, high temperature thermal annealing in cation rich 
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environments, etc. A fundamental understanding of the chemical processes associated with 
each substrate treatment to remove a particular type of metal oxides from the surface is 
nontrivial and perhaps far from being completely understood at present; thus, we have 
focused on the empirical and particularly practical aspects of the surface treatment 
procedures. Representative examples of the treated surfaces are collectively shown in Fig. 19 
as a summary. Ion scattering measurements revealed that depending on surface chemistry, the 
topmost layer of the treated substrates is predominantly either A- or B-site terminated; the 
termination characteristics of treated atomically flat substrate surfaces are summarized in 
Table 2 for quick reference. Perhaps a few words of caution are in order here. Although the 
values for treatment conditions indicated in the insets of Fig. 19 are taken from the literature, 
there remains a possibility of variation in actual values. Exact temperatures, for example, may 
vary due to different sensors in annealing setups or even due to the variation in the position of 
the sensor because diffusion processes are exponentially dependent on temperature. 
Furthermore, high temperature annealing, particularly annealing for a long time in a tube 
furnace would produce point defects such as vacant lattice sites and interstitial atoms or ions, 
foreign atoms or ions in either interstitial or substitutional positions, dislocations, and most 
importantly oxygen vacancies on the substrate surface, which has strong influence on the 
exotic interface physics of thin film heterostructures [210-212]. 
Although we have collected the surface treatment procedures for most commercially 
available perovskite-type metal oxide substrates, there still remain many areas to be explored 
in the future. First of all, expanding the list of substrates beyond the specified lattice constant 
range is desired for the progress of thin film growth as imposed strain due to lattice mismatch 
would pose a possibility of new functional properties not observed in their natural states. 
Smaller lattice parameter substrates would include ones such as CaYAlO4 (a = 3.645 Å), 
LuAlO3 (a = 3.675 Å), and CaNdAlO4 (a = 3.684 Å) while some larger lattice parameter 
examples are LaScO3 (a = 4.050 Å), LaLuO3 (a = 4.183 Å), MgO (a = 4.212 Å), etc 
[68,213,214]. Atomically flat single terminated surfaces of these substrates would be 
immensely helpful to thin film researchers because each of them has its own advantage for 
epitaxial thin film growth. Binary oxide MgO, for example, has a simple cubic structure and 
has a very large lattice constant, much larger than that of the substrates covered in this review. 
At present it appears that the treatment method for obtaining atomically flat MgO surface is 
not firmly established [215]. In contrast to binary oxides, mixed perovskite materials 
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(AA')(BB')O3 with multiple metal cations, such as Nd0.4Sr0.6Al0.7Ta0.3O3 (a = 3.835 Å) and 
La0.15Sr0.85Ga0.575Nb0.425O3 (a = 3.932 Å), may also be used as substrates [216];  they would 
deepen the pool of substrates and make a selection appropriate for a given situation a lot 
easier. These crystals, however, have more than one type of elements in both A- and B-sites 
(similar to LSAT), and the atomic composition and arrangement in the materials along the 
[001] direction as well as other directions are more complex. It would be rather challenging 
to obtain atomic flatness on these substrate surfaces. 
 
Fig. 19. (Color online) Atomically flat surface of various single crystal oxide substrates. Inset 
shows the treatment conditions for various substrates to obtain atomically flat surfaces. AFM 
images were either taken from the literature or reproduced by using the methods available in 
the literature [80,82,104,147,168,172,173,190,209]. 
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Table 2. Termination characteristics of treated atomically flat substrate surfaces with lattice 
constant ranges between 4.00 Å and 3.70 Å. 
Substrate Orientation Cubic or pseudo-cubic 
lattice constant (Å) 
Topmost layer    
termination 
NdScO3 (110) 4.00 ScO2 [168] 
KTaO3 (001) 3.99 Not known yet 
GdScO3 (110) 3.96 ScO2 [168] 
DyScO3 (110) 3.94 ScO2 [168] 
 (001) 3.90 TiO2 [80] 
SrTiO3 (110) 2.76 TiO [104] 
 (111) 2.25   Ti [104] 
LSAT      (001)      3.88     SrO [82] 
NdGaO3 (001) 3.86 NdO [172] 
LaAlO3 (001) 3.78 AlO2 [172] 
SrLaAlO4 (001) 3.75 SrO or AlO2 
[209] 
YAlO3 (110) 3.72 Not known yet 
        
 
Structurally speaking, metal oxides in general are much more diverse than just 
perovskites; however, the major focus of oxide thin film research has been on growing 
perovskite-based materials on top of perovskite substrates as they are isostructural and thus 
novel interfaces and superlattices are formed coherently without much disorder leading to 
emergent interfacial phenomena. One of the drawbacks of these epitaxial films and structures 
is that they usually show the emergent functionalities at low temperatures, limiting a 
possibility of room temperature device applications. One possible path to be explored for 
oxide electronics with room temperature functionalities might be the heteroepitaxial synthesis 
of non-isostructural oxide materials and substrates (e.g. perovskite/spinel, 
perovskite/hexagonal, perovskite/fluorites, spinel/corundum, and many more) [217-221]. For 
coherent growth of the heterointerfaces, we would need substrates having dimensional and 
geometrical deviations from perovskites. The candidates for the purpose would include metal 
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oxide single crystals such as spinel MgAl2O4 (a = 4.04 Å), hexagonal Al2O3 (a = 4.75 Å), 
cubic YSZ (a = 5.12 Å), cubic Gd3Ga5O12 (a = 12.38 Å), and tetragonal TiO2 (a = b = 4.58 Å, 
and c = 2.95 Å) [68,222,223]. These substrates with atomically flat single terminated topmost 
layers would allow the exploration of non-isostructural oxide interfaces. We may also 
mention in passing that surface treatments are important even for measurement purposes as 
unpolished and non-treated substrates with a trace amount of impurities might cause unusual 
responses which compete with the responses from ultrathin films. Thus, substrate surface 
preparation is often crucial in precise determination of the intrinsic magnetic properties of 
oxide thin films [224-226]. 
       In conclusion, it is our hope that the present collection of oxide substrates and the 
associated treatment methods would be helpful in practical ways to researchers working in 
the field of thin film growth. With the rapid progress in the field of interface controlled oxide 
hetoroepitaxy especially for next generation device applications [227,228], one may consider 
even using atomically flat non-oxide substrate (e.g. MgF2, a = 4.62 Å; and CaF2, a = 5.46 Å) 
to produce oxide/non-oxide interfaces [229,230]. The ability to produce atomically flat 
surfaces with selective chemical termination would provide an additional degree of freedom 
in searching for unforeseen emergent phenomena and functional applications in epitaxial 
oxide thin films and heterostructures with atomically controlled interfaces. Of course, it goes 
without saying that similar or entirely new procedures should be developed to produce 
atomically flat single termination on new substrates not covered in this review.  
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